Romosozumab is a monoclonal antibody that binds to and inhibits sclerostin, increases bone formation, and decreases bone resorption.
T h e ne w e ngl a nd jou r na l o f m e dicine F ragility fractures are common and increase morbidity and mortality. 1, 2 Romosozumab (Amgen and UCB Pharma) is a new bone-forming monoclonal antibody that binds to and inhibits sclerostin, with a dual effect of increasing bone formation and decreasing bone resorption. 3, 4 In a randomized, controlled trial, 5 1 year of romosozumab treatment was associated with significantly lower risks of new vertebral fracture and clinical fracture (a composite of nonvertebral fracture and symptomatic vertebral fracture) than placebo among postmenopausal women with osteoporosis. That trial excluded patients with severe osteoporosis and thus enrolled a relatively low-risk population. [6] [7] [8] [9] [10] In that context, the risk of nonvertebral fracture was not significantly lower with romosozumab than with placebo.
Alendronate is an antiresorptive agent commonly used as first-line therapy for osteoporosis. In a trial involving postmenopausal women with prevalent fractures, the risks of vertebral and clinical (in particular, hip) fractures were lower with alendronate than with placebo. 10 There are few head-to-head studies of osteoporosis therapy with fracture end points, and only one trial evaluating bone-building versus antiresorptive therapy was designed with fracture as the primary end point. 11 In the Active-Controlled Fracture Study in Postmenopausal Women with Osteoporosis at High Risk (ARCH), we compared the effectiveness of a treatment regimen starting with romosozumab and transitioning to alendronate with alendronate treatment alone in reducing the risk of fracture among postmenopausal women with osteoporosis and a previous fracture.
Me thods

Trial Design
In this phase 3, multicenter, international, randomized, double-blind trial, women were randomly assigned, in a 1:1 ratio, with the use of an interactive voice-response system, to receive monthly subcutaneous romosozumab (210 mg) or weekly oral alendronate (Merck; 70 mg) for 12 months (Fig. 1) . Randomization was stratified according to age (<75 vs. ≥75 years). After completion of the double-blind trial period, all the patients received open-label weekly oral alendronate (70 mg) until the end of the trial, with blinding to the initial treatment assignment maintained. Patients received daily calcium and vitamin D, as described previously. 5 In this trial designed to show the superiority of romosozumab over alendronate, the primary analysis was performed when clinicalfracture events had been confirmed in at least 330 patients and all the patients had completed the month 24 visit.
Trial Oversight
The trial protocol, available with the full text of this article at NEJM.org, was approved by the ethics committee or institutional review board at each trial center. Patients provided written informed consent before any trial procedures were performed. Amgen and UCB Pharma designed the trial, and Amgen was responsible for trial oversight and data analyses per a prespecified statistical analysis plan. An external independent data monitoring committee monitored unblinded safety data.
Three authors (one academic author and two employees of Amgen) vouch for the accuracy and completeness of the data and analyses reported and for the fidelity of the trial to the protocol. All the authors had access to the data. The first and last authors wrote the first draft of the manuscript, with medical-writing assistance funded by Amgen and UCB Pharma. All the authors contributed to subsequent drafts and made the decision to submit the manuscript for publication. Trial investigators signed agreements with the sponsors relating to data confidentiality.
Patients
Ambulatory postmenopausal women 55 to 90 years of age who met at least one of the following criteria were eligible: a bone mineral density T score of -2.5 or less at the total hip or femoral neck and either one or more moderate or severe vertebral fractures or two or more mild vertebral fractures; or a bone mineral density T score of -2.0 or less at the total hip or femoral neck and either two or more moderate or severe vertebral fractures or a fracture of the proximal femur sustained 3 to 24 months before randomization. Women were excluded as described previously 5 and for an inability to take alendronate oral tablets or contraindications to alendronate, including a glomerular filtration rate below 35 ml per minute per 1.73 m 2 of body-surface area.
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Procedures
Lateral radiographs of the thoracic and lumbar spine were obtained at screening, at months 12 and 24, and every 12 months thereafter until the time of the primary analysis. Radiographs were assessed at a central imaging center, as described previously, as were nonvertebral fractures (additional details are provided in the Supplementary Appendix, available at NEJM.org).
5
The bone mineral density at the lumbar spine and proximal femur was evaluated by means of dual-energy x-ray absorptiometry (Lunar or Hologic) at baseline and every 12 months thereafter; in a subgroup of 167 patients, assessment was also performed at months 6 and 18. Serum concentrations of the bone-turnover markers β-isomer of C-terminal telopeptide of type I collagen (β-CTX; LabCorp) and procollagen type 1 N-terminal propeptide (P1NP; Covance) were measured in a subgroup of 277 patients.
Adverse events were reported by individual trial sites. Serious cardiovascular adverse events were adjudicated by the Duke Clinical Research Institute, and potential cases of osteonecrosis of the jaw and atypical femoral fracture were adjudicated by independent committees. Serum was tested for anti-romosozumab antibodies at day 1 and until month 24; samples that were positive for binding antibodies were assessed for neutralizing antibodies.
Primary and Secondary End Points
The primary end points of this trial were the cumulative incidence of new vertebral fracture at 24 months and the cumulative incidence of clinical fracture (nonvertebral and symptomatic vertebral fracture) at the time of the primary analysis. Bone mineral density at the lumbar spine, total hip, and femoral neck at 12 and 24 months and the incidence of nonvertebral fracture at the time of the primary analysis were key secondary end points. Other fracture categories, including hip fracture, were evaluated as additional secondary end points. Women were randomly assigned, in a 1:1 ratio, to receive 210 mg of romosozumab by subcutaneous injection once monthly or 70 mg of alendronate orally every week for 12 months for the double-blind period of the trial, followed by open-label alendronate until the time of the primary analysis; the initial treatment assignment remained blinded. The primary analysis was performed when events of clinical fracture (nonvertebral and symptomatic vertebral fracture) had been confirmed in at least 330 patients and all the patients had completed the month 24 visit. The median follow-up at the time of the primary analysis was 2.7 years (interquartile range, 2.2 to 3.3). Bone mineral density was assessed at the lumbar spine and proximal femur in all the patients at baseline and every 12 months thereafter, and also at months 6 and 18 in a substudy of the total patient population that involved 167 patients. Levels of bone-turnover markers were assessed at baseline (day 1) and months 1, 3, 6, 9, 12, 15, 18, 24, and 36 or until the primary analysis, whichever came first, in a subgroup of 277 patients from the total patient population. 
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Statistical Analysis
The trial was powered to show superiority, with 94% power to detect a 30% lower risk of clinical fracture in the romosozumab-to-alendronate group than in the alendronate-to-alendronate group at the time of the primary analysis and 95% power to detect a 50% lower risk of new vertebral fracture over a period of 24 months. If the differences in both primary end points were significant with the use of the Hochberg procedure, 12 a fixed-sequence testing procedure was to be used for bone mineral density and the key secondary end point of nonvertebral fracture to adjust for multiple comparisons and to maintain an overall significance level of 0.05. The nonvertebral-fracture end point was tested by means of a group sequential approach at the time of the primary analysis with the use of a Lan-DeMets alpha spending function ( Fig. S1 in the Supplementary Appendix). All remaining secondary and exploratory efficacy end points were analyzed at a significance level of 0.05 (two-sided).
All analyses of treatment effect used an intention-to-treat approach. Analyses of vertebralfracture end points included all randomly assigned patients with a baseline radiograph and at least one radiograph obtained after baseline. When a radiograph assessment after baseline was missing, the status was imputed with the status from the last nonmissing visit after baseline. A post hoc analysis of vertebral fractures was also performed for all randomly assigned patients with the use of a multiple-imputation method that included treatment group and the following baseline variables: age, years since menopause, body-mass index, number of prevalent vertebral fractures, worst vertebral fracture severity, and bone mineral density T score at the lumbar spine, total hip, and femoral neck.
For the incidence of clinical, nonvertebral, major nonvertebral, hip, osteoporotic, symptomatic vertebral, and major osteoporotic fractures, the treatment groups were compared on the basis of a Cox proportional-hazards model with adjustment for age (<75 vs. ≥75 years), the presence or absence of severe vertebral fracture at baseline, and baseline bone mineral density T score at the total hip. For the incidence of new vertebral and new or worsening vertebral fractures, risk ratios were determined by means of the Mantel-Haenszel method, with treatment comparison assessed with the use of a logisticregression model with adjustment for age (<75 vs. ≥75 years), the presence or absence of severe vertebral fracture at baseline, and baseline bone mineral density T score at the total hip. A total of 11 subgroup categories were prespecified and analyzed for treatment-by-subgroup interactions, as described previously. 5 Percentage changes from baseline in bone mineral density were assessed in patients who had a baseline measurement and at least one measurement after baseline. Between-group comparisons of the percentage change from baseline in bone mineral density were analyzed by means of a repeated-measures model with adjustment for treatment, age category, the presence or absence of severe vertebral fracture at baseline, visit, treatment-by-visit interaction, and baseline bone mineral density as fixed effects, with machine type and interaction between baseline bone mineral density and machine type as covariates, with the use of an unstructured variance-covariance structure. Percentage changes from baseline in bone-turnover markers were assessed in patients enrolled in the biomarker substudy, as described previously. 5 The safety analysis included all randomly assigned patients who received at least one dose of romosozumab or alendronate in the double-blind period. Incidence rates at the time of the primary analysis were cumulative and included all events in the double-blind and open-label periods in patients who received at least one dose of open-label alendronate. Odds ratios and confidence intervals were estimated for serious cardiovascular adverse events with the use of a logisticregression model.
R esult s
Patients
A total of 4093 patients underwent randomization; 3654 patients (89.3%) completed 12 months of the trial (Fig. S2 in the Supplementary Appendix), and 3150 (77.0%) completed the primary analysis period. The reasons for discontinuation were similar in the two treatment groups (Fig.  S2 in the Supplementary Appendix). The demographic and clinical characteristics of the patients at baseline were balanced between the two groups ( Table 1 ). The mean age of the patients * Plus-minus values are means ±SD. There were no significant between-group differences at baseline. Percentages may not total 100 because of rounding. β-CTX denotes β-isomer of C-terminal telopeptide of type I collagen, IQR interquartile range, and P1NP procollagen type 1 N-terminal propeptide. † Shown is the number of patients who were randomly assigned to the 12-month double-blind period of the trial. ‡ Ethnic group was reported by the patient. § The countries included within the respective regions are shown in the Supplementary Appendix. ¶ The body-mass index is the weight in kilograms divided by the square of the height in meters. ‖ The grade of the most severe vertebral fracture was assessed with the use of the Genant grading scale (see the Sup plementary Appendix). ** Previous hip fracture excludes pathologic or high-trauma hip fracture. † † The score on the Fracture Risk Assessment Tool (FRAX), 2 developed by the World Health Organization (www.shef.ac .uk/frax/), indicates the 10-year probability of major osteoporotic fracture, expressed as a percentage and calculated with bone mineral density. ‡ ‡ Data shown are for the 266 patients (128 in the alendronate group and 138 in the romosozumab group) who enrolled in the biomarker substudy and who had measurements of bone-turnover markers both at baseline and at one or more visits after baseline. (Fig. 2A) ; similarly, a 50% lower risk with romosozumab was observed with the use of the last observation carried forward (Table S1 in the Supplementary Appendix). At the time of the primary analysis, romosozumab followed by alendronate resulted in a 27% lower risk of clinical fracture than alendronate alone (hazard ratio, 0.73; 95% CI, 0.61 to 0.88; P<0.001) (Fig. 2B) . The cumulative incidence of clinical fracture in the romosozumab-to-alendronate group was 9.7% (198 of 2046 patients) versus 13.0% (266 of 2047 patients) in the alendronateto-alendronate group. At the time of the primary analysis, romosozumab followed by alendronate also resulted in a 19% lower risk of nonvertebral fracture than alendronate alone (hazard ratio, 0.81; 95% CI, 0.66 to 0.99; P = 0.04) (Fig. 2C) , with fractures occurring in 178 of 2046 patients (8.7%) in the romosozumab-to-alendronate group versus 217 of 2047 patients (10.6%) in the alendronate-toalendronate group (Table S1 in the Supplementary Appendix). Hip fractures occurred in 41 of 2046 patients (2.0%) in the romosozumab-toalendronate group as compared with 66 of 2047 patients (3.2%) in the alendronate-to-alendronate group at the time of the primary analysis, representing a 38% lower risk with romosozumab (hazard ratio, 0.62; 95% CI, 0.42 to 0.92; P = 0.02).
Between-group differences in favor of romosozumab were observed by month 12, including in new vertebral fractures (risk ratio, 0.63; 95% CI, 0.47 to 0.85) and clinical fractures (hazard ratio, 0.72; 95% CI, 0.54 to 0.96). The risk of nonvertebral fracture was 26% lower with romosozumab than with alendronate, but the difference was not significant (P = 0.06). Table S1 in the Supplementary Appendix shows details of these and other fracture end points.
Bone Mineral Density
Patients who received romosozumab had greater gains in bone mineral density from baseline at all measured sites and at all time points than patients who received alendronate alone. The differential greater gains achieved by month 12 with romosozumab were maintained at month 36, after the transition to alendronate (P<0.001 for all comparisons) (Fig. 3A and 3B , and Fig. S3 and Table S2 in the Supplementary Appendix). In a subgroup of patients assessed every 6 months, greater gains with romosozumab were observed beginning at month 6 (P<0.001 for all comparisons) ( Table S3 in the Supplementary Appendix).
Bone-Turnover Markers
Romosozumab increased levels of the bone-formation marker P1NP and decreased levels of the bone-resorption marker β-CTX within 12 months (Fig. 3C and 3D ). After the transition to alendronate, levels of P1NP and β-CTX decreased and remained below baseline levels at 36 months. In patients receiving alendronate alone, levels of P1NP and β-CTX decreased within 1 month and remained below baseline levels at 36 months.
Safety
The incidences of adverse events and serious adverse events were similar overall between the two treatment groups during the 12-month double-blind period, and cumulative incidences were similar between the two groups during the primary analysis period (Table 2 ). In the first 12 months, injection-site reactions (mostly mild in severity) were reported in more patients receiving romosozumab (90 of 2040 patients [4.4%]) than in those receiving alendronate (53 of 2014 patients [2.6%] ).
An imbalance in adjudicated serious cardiovascular adverse events was observed during the double-blind period, with 50 patients (2.5%) in the romosozumab group and 38 (1.9%) in the alendronate group reporting these events (odds ratio, 1.31; 95% CI, 0.85 to 2.00). A total of 16 patients (0.8%) in the romosozumab group and 6 (0.3%) in the alendronate group reported cardiac ischemic events (odds ratio, 2.65; 95% CI, 1.03 to 6.77), and 16 patients (0.8%) in the romosozumab group and 7 (0.3%) in the alendronate group reported cerebrovascular events (odds ratio, 2.27; 95% CI, 0.93 to 5.22), whereas heart failure, noncoronary revascularization, and peripheral vascular ischemic events not requiring revascularization were numerically lower in the romosozumab group (Table 2 ). Cardiovascular risk factors in patients with positively adjudicated cardiovascular events are shown in Table S4 The primary end points were the cumulative incidence of new vertebral fracture at 24 months (Panel A) and the cumulative incidence of clinical fracture at the time of the primary analysis (Panel B). For new vertebral fractures, the risk ratio was assessed among patients in the romosozumab group as compared with those in the alendronate group (at 12 months) and among patients in the romosozumabto-alendronate group as compared with those in the alendronate-to-alendronate group (at 24 months). Risks presented are based on a multiple-imputation method for patients with missing fracture status. For Kaplan-Meier curves of the first clinical fracture and the first nonvertebral fracture (Panel C) in the time-to-event analysis, data from patients who withdrew or reached the end of the reporting period without having a fracture were censored at the last observation time. P values for clinical and nonvertebral fractures were calculated with the use of a Cox proportional-hazards model; P values for new vertebral fracture were calculated with the use of a logistic-regression model. T h e ne w e ngl a nd jou r na l o f m e dicine 6 events of atypical femoral fracture (2 [<0.1%] in the romosozumab-to-alendronate group and 4 [0.2%] in the alendronate-to-alendronate group) were positively adjudicated.
Patients (%)
During the first 18 months of the trial, binding anti-romosozumab antibodies were observed in 310 of 2028 patients (15.3%) in the romosozumab group; neutralizing antibodies were observed in 12 patients (0.6%), with no detectable effect on relevant efficacy or safety (Tables S5 and S6 in the Supplementary Appendix).
Discussion
In this phase 3 trial involving postmenopausal women with osteoporosis and a previous fracture, treatment with romosozumab for 12 months before alendronate was superior to alendronate alone with respect to the risks of a new vertebral, clinical, nonvertebral, and hip fracture. It is worth noting that romosozumab outperformed an effective drug; in large meta-analyses, alendronate has been shown to consistently reduce ver- The least-squares mean percentage changes in bone mineral density at the lumbar spine (Panel A) and total hip (Panel B) are shown for patients who had a baseline measurement and at least one measurement obtained at a postbaseline visit at or before month 36. Betweengroup comparisons of the percentage change in bone mineral density were analyzed with the use of a repeated-measures model; P<0.001 for all comparisons. The median percentage change from baseline in the levels of serum procollagen type 1 N-terminal propeptide (P1NP) (Panel C) and β-isomer of C-terminal telopeptide of type I collagen (β-CTX) (Panel D) are shown for a subgroup of 266 patients who had serial assessments of bone-turnover markers as part of the biomarker substudy and had a baseline measurement and at least one measurement after the baseline visit. The substudy population was representative of the overall trial population. Between-group comparisons of the percentage change from baseline in levels of P1NP and β-CTX were calculated with the use of the Wilcoxon rank-sum test; P<0.001 for the comparisons at months 1, 3, 6, 9, and 12. I bars indicate pointwise 95% confidence intervals for the values of bone mineral density and interquartile ranges for the levels of P1NP and β-CTX. the jaw and atypical femoral fracture were adjudicated by independent committees. Cardiovascular deaths include fatal events that were adjudicated as being cardiovascular-related or undetermined (and, therefore, possibly cardiovascular-related). § One patient had a non-treatment-related serious adverse event of pneumonia that was incorrectly flagged as death in the primary analysis snapshot and was not included in the analysis of fatal events. ¶ Events of interest were those that were identified by prespecified Medical Dictionary for Regulatory Activities search strategies. ‖ Prespecified events that were reported under osteoarthritis were osteoarthritis, spinal osteoarthritis, exostosis, arthritis, polyarthritis, arthropathy, monoarthritis, and interspinous osteoarthritis. ** The most frequent adverse events of injection-site reactions (occurring in >0.1% of the patients) in the romosozumab group during the double-blind period included injection-site pain (in 1.6% of the patients), erythema (1.3%), pruritus (0.8%), hemorrhage (0.5%), rash (0.4%), and swelling (0.3%). † † Prespecified events reported under hyperostosis were exostosis (mostly reported as heel spurs), lumbar spinal stenosis, spinal column stenosis, cervical spinal stenosis, enostosis, extraskeletal ossification, and vertebral foraminal stenosis. T h e ne w e ngl a nd jou r na l o f m e dicine tebral, nonvertebral, and hip fractures by up to 50% 13,14 among patients with osteoporosis. In our trial, the effect of romosozumab on the risk of fracture was rapid: the risks of new vertebral fracture and clinical fracture were significantly lower with romosozumab than with alendronate at 12 months, findings that imply both a nearterm and persistent reduction in fracture risk with the initiation of romosozumab before antiresorptive therapy in patients at high risk for fracture. Although the placebo-controlled Fracture Study in Postmenopausal Women with Osteoporosis (FRAME) showed that 12 months of romosozumab had preventive effects with respect to vertebral and clinical but not nonvertebral fractures (potentially influenced by the lower baseline fracture risk), 5 the present trial assessed efficacy in a higher-risk population and showed broad beneficial effects on fracture risk as compared with a commonly used active drug.
Romosozumab rapidly increased bone mineral density, a finding consistent with those of previous studies. 5, 15 We found significantly greater gains with romosozumab than with alendronate at the lumbar spine, total hip, and femoral neck by month 6. After the transition to alendronate, the significant difference between treatment groups was maintained. A plateau in bone mineral density was observed with ongoing alendronate therapy, a finding similar to results from other studies. 10 Overall, adverse events and serious adverse events were balanced between the two groups. No cases of osteonecrosis of the jaw or atypical femoral fracture were identified during the period of romosozumab-alone treatment. Events were observed in the alendronate open-label period, with four events of atypical femoral fracture in the alendronate-to-alendronate group and two in the romosozumab-to-alendronate group. Adjudicated serious cardiovascular adverse events were more frequent in the romosozumab group than in the alendronate group during the doubleblind period, with cardiac ischemic events and cerebrovascular events contributing to the imbalance.
There are theoretical considerations that sclerostin inhibition could be associated with cardiovascular risk. Sclerostin is constitutively expressed in the aorta [16] [17] [18] and up-regulated in foci of vascular and valvular calcification. [19] [20] [21] [22] The function of sclerostin in the vasculature is unknown. Although sclerostin may function as a negative regulator of vascular calcification and sclerostin inhibition could promote vascular calcification, studies have shown conflicting results. 22, 23 In long-term toxicology studies in rats 17 and monkeys, 17, 24 there was no histologic or radiographic evidence of the development or exacerbation of vascular mineralization. Vascular calcification, although not specifically examined, has not been reported in Sost knockout mice or patients with sclerosteosis or van Buchem's disease. [25] [26] [27] [28] Further evaluation is needed to determine the cause of the observed imbalance in cardiovascular events. Such an imbalance was not seen in FRAME, a larger (7180 patients), placebo-controlled trial that enrolled a somewhat younger population with less advanced osteoporosis. 5 Another important contrast is the comparison drug. Alendronate has been associated with a reduction in the risk of cardiovascular disease in some studies 29 but not in two meta-analyses, 30,31 perhaps related to differences in the patient populations studied or the dosing of alendronate. 32 Strengths of this trial include an active-comparator design involving patients with osteoporosis and a high risk of fracture. Limitations include the facts that the trial was not designed as a cardiovascular-outcomes trial and that it did not include a placebo control. Investigation is ongoing, including evaluation of cardiovascular risk factors; however, the small number of events makes interpretation difficult.
In conclusion, rapid gains in bone mineral density from bone-forming therapy with romosozumab were associated with a lower risk of fracture than with alendronate within 1 year and over the course of romosozumab followed by alendronate. Hip fractures were less frequent with romosozumab followed by alendronate than with alendronate alone, suggesting an important benefit and challenging the common treatment practice of first-line use of alendronate in women who have had a previous fracture. An imbalance in serious cardiovascular adverse events in comparison with alendronate was also found, which was not observed in a previous large, placebocontrolled trial.
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